The direct repeat (DR) region has been determined to be an important chromosomal domain for studying the evolution of Mycobacterium tuberculosis. Despite this, very little is known about microevolutionary events associated with clonal expansion and how such events influence the interpretation of both restriction fragment length polymorphism (RFLP) and spoligotype data. This study examined the structure of the DR region in three independently evolving lineages of M. tuberculosis with a combination of DR-RFLP, spoligotyping, and partial DNA sequencing. The results show that the duplication of direct variable repeat (DVR) sequences and single-nucleotide polymorphisms is rare; conversely, the deletion of DVR sequences and IS6110-mediated mutation is observed frequently. Deletion of either single or contiguous DVR sequences was observed. The deletion of adjacent DVR sequences occurred in a dependent manner rather than as an accumulation of independent events. Insertion of IS6110 into either the direct repeat or spacer sequences influenced the spoligotype pattern, resulting in apparent deletion of DVR sequences. Homologous recombination between adjacent IS6110 elements led to extensive deletion in the DR region, again demonstrating a dependent evolutionary mechanism. Different isolates from the same strain family and isolates from different strain families were observed to converge to the same spoligotype pattern. In conclusion, the binary data of the spoligotype are unable to provide sufficient information to accurately establish genotypic relationships between certain clinical isolates of M. tuberculosis. This has important implications for molecular epidemiologic strain tracking and for the application of spoligotype data to phylogenetic analysis of M. tuberculosis isolates.
The direct repeat (DR) region has been determined to be an important chromosomal domain for studying the evolution of Mycobacterium tuberculosis. Despite this, very little is known about microevolutionary events associated with clonal expansion and how such events influence the interpretation of both restriction fragment length polymorphism (RFLP) and spoligotype data. This study examined the structure of the DR region in three independently evolving lineages of M. tuberculosis with a combination of DR-RFLP, spoligotyping, and partial DNA sequencing. The results show that the duplication of direct variable repeat (DVR) sequences and single-nucleotide polymorphisms is rare; conversely, the deletion of DVR sequences and IS6110-mediated mutation is observed frequently. Deletion of either single or contiguous DVR sequences was observed. The deletion of adjacent DVR sequences occurred in a dependent manner rather than as an accumulation of independent events. Insertion of IS6110 into either the direct repeat or spacer sequences influenced the spoligotype pattern, resulting in apparent deletion of DVR sequences. Homologous recombination between adjacent IS6110 elements led to extensive deletion in the DR region, again demonstrating a dependent evolutionary mechanism. Different isolates from the same strain family and isolates from different strain families were observed to converge to the same spoligotype pattern. In conclusion, the binary data of the spoligotype are unable to provide sufficient information to accurately establish genotypic relationships between certain clinical isolates of M. tuberculosis. This has important implications for molecular epidemiologic strain tracking and for the application of spoligotype data to phylogenetic analysis of M. tuberculosis isolates.
Sequencing of the Mycobacterium tuberculosis genome has identified a number of different repeat sequences (5) . Perhaps the most intensively investigated repeat is the direct repeat (DR) (15) . This region has a unique structure, comprising directly repeated sequences interspersed with unique variable sequences (15) , which in combination have been termed the direct variable repeat (DVR) sequences (13) . While the function of this region of the M. tuberculosis genome remains to be determined, its preservation throughout the evolutionary history of the M. tuberculosis complex argues for a functionally important domain.
Repeated sequences such as the IS6110 element and DR are the most commonly used targets for the molecular typing of M. tuberculosis isolates. IS6110 is a transposable element that may be repeated up to 25 times per M. tuberculosis genome (31) . Transposition is thought to be random, generating a diverse array of insertions throughout the chromosomes of different clinical isolates. The polymorphic nature of the IS6110 insertions and the DR region has been exploited to create relatively reproducible bacterial "DNA fingerprints," which are used for epidemiologic tracking (1, 21, 29, 31, 37) . To simplify the DR typing technique, a PCR-based method termed spoligotyping was developed, which determines the presence or absence of 43 DVR sequences in the DR region (13, 16) . This method is widely used for epidemiological investigations (6, 22, 23, 26) and lends itself readily to interlaboratory and international strain comparisons (17, 24) .
A recent study extended the application of spoligotyping beyond epidemiologic tracking to investigate its potential utility for phylogenetic reconstruction of clinical isolates from different geographical regions (25) . This study predicts the existence of at least seven distinct evolutionary groups, providing a scenario regarding the global spread of M. tuberculosis. Although this study provided new insights into the macroevolution of the DR region, the microevolution of the DR region in well-defined evolutionary lineages remains largely unknown. Only one study has investigated the evolution of the DR region within a limited number of closely related low-IS6110-copynumber strains (10) . In that study, it was suggested that the DR region evolved primarily through homologous recombination. However, these low-copy-number strains were collected from vastly different geographical regions, and therefore the observed polymorphisms probably represent ancient evolutionary events.
More recently, it has been shown that the low-copy-number strains are evolutionarily distinct from the high-copy-number strains (12, 36) . Hence, it is not possible to assume that the evolutionary mechanisms seen in the low-copy-number strains are the same as those occurring in high-copy-number strains. Therefore, the mechanism and rate of DR region evolution in a large number of isolates representing defined evolutionary lineages of high-copy-number strains remain to be fully determined. This knowledge will be important for the accurate inference of phylogenetic relationships.
To further explore the evolution of the DR region, we have examined clinical isolates belonging to three strain families, grouped according to the similarity of the IS6110 banding pattern (36) , as well as uniquely inherited polymorphisms (30, 33, 34) . Isolates from each strain family were subjected to DR-restriction fragment length polymorphism (RFLP) analysis, spoligotyping, and partial DNA sequencing to identify the evolutionary mechanisms leading to the polymorphic variants observed in the DR and flanking regions. We demonstrate that the DR region evolves by deletion of DVR sequences and by IS6110-mediated mutation. IS6110 insertion strongly influences the interpretation of spoligotype data, while mapping of the insertion points suggests the presence of preferential integration sites. Recombination between adjacent IS6110 elements or adjacent repeat sequences may lead to evolutionary convergence of DR-based genotypes. This has important implications for the interpretation of phylogenetic predictions.
MATERIALS AND METHODS
Study population. M. tuberculosis isolates were collected from patients visiting primary health care facilities in Cape Town, South Africa (2).
DNA fingerprinting. Each isolate was classified by DNA fingerprinting with the internationally standardized protocol (31) . The PvuII Southern blots were sequentially hybridized with the enhanced chemiluminescence (ECL)-labeled probes IS-3Ј (31), IS-5Ј (35) , and DRr (15), each probe being stripped from the membrane by denaturation before the next probe was applied. The IS-3Ј, IS-5Ј, and DRr autoradiographs were scanned and normalized with GelCompar 4.0 to support accurate positioning of the respective hybridizing bands.
Strain family groupings were defined by isolates having an IS6110 Dice similarity index of Ͼ65% (36) , where the index is calculated as the sum of the total number of matching bands divided by the total number of bands in each isolate. The delineation of the strain family groups used in this study was supported by previously identified polymorphisms uniquely associated with each IS6110-defined group (30, 33, 34) . Each polymorphism is assumed to reflect a discrete evolutionary event, which is then inherited in subsequent generations. Therefore, a collection of isolates with an identical polymorphism is thought to represent clonal expansion from a common progenitor.
All isolates were classified according to polymorphisms in katG and gyrA (27) with the dot blot hybridization method (36) .
DR-RFLP analysis. In order to identify mutations leading to polymorphisms within the direct repeat locus and surrounding genome, the DRr DNA fingerprints of isolates grouped into strain families were analyzed as previously described (35) . Briefly, the PvuII DRr DNA fingerprints were superimposed on the IS-3Ј and IS-5Ј DNA fingerprints to identify cohybridizing bands. Such cohybridization was indicative of an IS6110 insertion(s) within the direct repeat region. If cohybridization could not be demonstrated, this was indicative of the absence of an IS6110 element in the DR region. A single IS6110 insertion in the DR region was characterized by two DRr-hybridizing bands, while two IS6110 insertions were identified by the presence of three DRr-hybridizing bands, since each IS6110 insertion generates an additional PvuII restriction site. Direct repeats of the IS6110 elements were characterized by cohybridization of both the IS-5Ј and IS-3Ј probes with one of the DRr-containing fragments, while inverted repeats of the IS6110 elements were characterized by cohybridization of the IS-3Ј probe with only one DRr-containing fragment, together with cohybridization of the IS-5Ј probe with the remaining two DRr fragments, or vice versa.
Spoligotyping. M. tuberculosis isolates were spoligotyped with the internationally standardized PCR protocol in combination with primers DRa (GGT TTT GGG TCT GAC GAC, 5Ј biotinylated) and DRb (CCG AGA GGG GAC GGA AAC) (13, 16) . PCR amplifications were conducted in physically separated workstations to prevent contamination. Negative water controls were PCR amplified and included on each blot to identify any possible amplicon contamination. In addition, H37Rv DNA was amplified and included on each blot to determine the reproducibility of the spoligotyping method. To determine whether the spoligotypes identified in this study were found in other geographical regions, they were visually compared with the spoligotypes deposited in the worldwide database (25) .
Sequencing. In order to determine the point of IS6110 integration in the DR region or flanking regions, the chromosomal domain between the ancestral IS6110 element (7) and the second IS6110 element was PCR amplified with outward-reading primers complementary to the 3Ј (TTCAACCATCGCCGCC TCTACC) and 5Ј (GGTACCTCCTCGATGAACCAC) regions of the IS6110 element. Alternatively, the region between the inserted IS6110 element and a flanking genomic sequence was PCR amplified with the above IS6110 primers in combination with primers complementary to the 3Ј-flanking region (GCCGAA GTCACGGCAGACTG) or 5Ј-flanking region (CCTTGCTGTCCCGCCAA TAC or CAGCGCAGAGGAGTTTGTG) .
The PCR products were then cloned into the vector pGEMTeasy (Promega) according to the manufacturer's instructions, and the inserts were sequenced with the T7 and SP6 primers. 
RESULTS
A total of 379 high-IS6110-copy-number strains (Ͼ5 IS6110 insertions) were identified in the study setting during the period from mid-1992 to the end of 1998. Each high-copy-number strain has a distinct IS6110 banding pattern. One hundred and seventy-six of these strains were grouped into three strain families (F11, F28, and Beijing) (Fig. 1 ), according to a Dice similarity index of Ͼ65% (36). These groupings were supported by chromosomal polymorphisms unique to each IS6110-defined group. Isolates grouped as strain family F11 showed a C-to-T transition at position 491 of the rrs gene (34), while isolates grouped as strain family F28 showed a G-to-A transition at position 619 in the Rv3566c gene (30) . The Beijing family isolates were characterized by the absence of the ISL540 sequence (33) .
Strain family F11 was represented by 97 different IS6110 banding patterns, family F28 was represented by 41 patterns; and the Beijing family was represented by 38 patterns (Table  1) . These strain families represent the three largest groupings found in the study community (36) . katG and gyrA polymorphism data (27) showed that strain families F11 and F28 were part of genetic group 2 (Table 1) , although phylogenetic analysis has inferred that these strain families evolved independently and that they do not share a recent progenitor (36) . The Beijing family was part of genetic group 1 (27) ( Table 1) .
Spoligotyping (13, 16) of the DR regions was used to determine the presence or absence of the 43 DVR sequences (Fig. 2 ). Strain families F11 and F28 each showed a total of 14 different spoligotypes, while the Beijing family showed only a single spoligotype (Table 1 and Fig. 2) .
The spoligotype pattern evolved primarily by the deletion of single DVRs, although, in 11 instances, contiguous DVRs were deleted (Fig. 2) . (31) . Autoradiographs were normalized by GelCompar 4.1 software, and cluster analysis was done with the unweighted pair group method with arithmetic mean and Dice coefficient (14) . Strain family groupings were defined by isolates having an IS6110 Dice similarity index of Ͼ65% (36). sequential deletion events. The deletion of the DVR sequences appeared to be random, although there was a slight preference for the deletion of DVR sequences in the region 5Ј to the ancestral IS6110 element (between DVRs 1 and 24) (Fig. 2) . Many of the isolates in each IS6110 strain family were characterized by specific DVR deletions (Fig. 2) , suggesting that these isolates have a common ancestor. Identical spoligotypes were identified in isolates in the worldwide spoligotype database (22, 25) (Table 1 ), suggesting that the strain families in our study could be globally distributed or that the spoligotypes observed in these databases arose convergently in different strains.
DR-RFLP analysis enabled an overview of the structure of the DR region and adjacent flanking regions. Strain family F11 strains showed 18 DR-RFLP variants, while family F28 showed 12 DR-RFLP variants. In contrast, the Beijing family showed only two DR-RFLP variants (Table 1) . Comparison between the DR-RFLP data and the spoligotype data demonstrated that certain evolutionary mechanisms were not detected by the spoligotyping method and that the regions flanking the DR region were also subject to evolution (Fig. 3) . In combination, the DR-RFLP and spoligotype data demonstrate that this chromosomal region has undergone substantial evolutionary change, although at a rate lower than that for IS6110 (see ratio of DR variants to IS6110 variants, Table 1 ).
To identify the mechanisms leading to the different polymorphic variants, chromosomal domains adjacent to the ancestral IS6110 insertion element as well as domains adjacent to additional IS6110 elements were cloned and sequenced. Comparison of the DNA sequences with the DNA sequence of the DR region of H37Rv (cosmid MTCY16B7) suggests that the duplication of DVR sequences was rare, as only one event was identified (isolate 453 contains a duplication of DVRs 17 and 18). Single-nucleotide polymorphisms were identified in six isolates, occurring in both the direct repeat and variable sequences. Sequence analysis showed that in seven cases, the DR region had been disrupted by a second IS6110 insertion (Fig.  3) . In strain family F11, the additional DR IS6110 insertions occurred between DVR 8 and DVR 21 (Fig. 3A, isolates 286 , 453, and 602), while in family F28, the additional DR IS6110 insertions occurred between DVR 25 and DVR 37 (Fig. 3B,  isolates 235 , 480, and 973).
These IS6110 insertions play an important role in the formulation of the spoligotype pattern. In two instances, the IS6110 element was inserted in the variable spacer sequence, preventing hybridization of the amplified region to the immobilized complementary sequence (Fig. 2, IS6110 insertion in DVR 21 [F11 isolates] and isolate 235). In four instances, the IS6110 element was asymmetrically inserted in the direct repeat sequence, inhibiting PCR amplification of the adjacent variable sequence (Fig. 2, isolates 286, 480 , 602, and 973) (11) . The asymmetrical insertion of the IS6110 element in the DR region of isolate 286 (Fig. 3A) led to the apparent evolution of a spoligotype pattern that was identical to the spoligotype seen in isolate 453 (Fig. 2) .
The close proximity of the IS6110 insertions to each other suggests the presence of two different preferential IS6110 integration loci in the DR region as well as preferential integration loci in both the 3Ј-and 5Ј-flanking regions (Fig. 3) . The IS6110 insertion in the 5Ј-flanking regions appears to mediate recombination with an IS6110 insertion in the DR region, leading to partial deletion of the DR region (Fig. 3, isolates  392 , 397, 704, 907, and 973) (Sampson et al., submitted for publication). This is supported by the absence of the 3-bp duplication at the terminus of the IS6110 element (4, 8) . In these strains, the terminal 3 bp correspond to the 3-bp direct repeat of the ancestral IS6110 element and of the 5Ј-flanking IS6110 insertion. These large deletion events affect the spoligotype pattern, resulting in the convergent evolution of the spoligotype in isolates from different evolutionary lineages (Fig. 2, 3A , and 3B, compare isolates 704 with 392, 397, and 907).
Convergence of the spoligotype was also observed in isolates within a single evolutionary lineage (Fig. 2, compare isolates  392 and 397) . In these isolates, recombination occurred between the ancestral IS6110 element and a 5Ј-flanking IS6110 element located in different chromosomal positions in the different strains (Fig. 3A) . In addition, convergence via recombination is predicted to have occurred as parallel events between the ancestral and the same 5Ј-flanking IS6110 insertion in two different isolates (392 and 907) ( Fig. 2 and 3A) . These isolates are positioned on different branches within the same evolutionary lineage (Fig. 1) .
DISCUSSION
The DR region has become an important genomic locus which can be used to study the evolutionary history of clinical isolates of M. tuberculosis. Phylogenetic analysis has provided new insights into the macroevolution of distinct clades and their global dissemination (25) . However, the factors influencing microevolution are not fully understood, and therefore their influence on phylogenetic predictions remains to be determined. In this study we have analyzed the structure of the DR region in three independently evolving strain families (36) . The large number of observed DR variants suggests that the DR region is evolving more rapidly than was previously predicted (10) , although this rate is significantly slower than that of IS6110, as demonstrated by the ratio of DR variants to IS6110 variants. Within the study population, the frequency of change appears to be strain family specific, which may suggest that the mechanisms leading to change are dependent either on the structure of the DR region or on the overall mutation rate of the strain family. This is particularly evident in the Beijing strain family, where the DR region appears to be in a (evolutionarily) fixed state (32) . Only three spoligotype variants have been previously documented in the Beijing family (3, 19) .
Analysis of the data presented in this study supports suggestions that the DR region evolves by at least four different mechanisms (10, 32) ; IS6110-mediated mutation, homologous recombination between repeat sequences leading to DVR deletion, strand slippage during replication leading to duplication of DVR sequences, and point mutation. In agreement with a previous report (32) , the duplication of DVR sequences and point mutations was found to be rare. Conversely, the frequency of DVR deletions was high. From this study, it is evident that the deletion of specific DVR sequences generated spoligotype "signatures" which appear to be unique to a strain VOL. 40, 2002 EVOLUTION OF DIRECT REPEAT REGION 4461
on June 27, 2017 by guest http://jcm.asm.org/ family (Fig. 2) . Comparison between the spoligotype patterns identified in this study and those deposited in the worldwide database (22, 25) identified spoligotype patterns that were either identical or highly similar. This suggests that the strain families are widely disseminated, but the correlation between spoligotype signature and strain family needs further investigation, as it is possible that the spoligotypes deposited in the different databases have arisen convergently in different strains. Furthermore, it is not known how the accumulation of mutations in the DR region will disturb such signatures. The evolution of the spoligotype pattern appears to occur via the deletion of single DVRs or contiguous DVR sequences. In this study, isolates representing intermediate numbers of DVR deletions were not observed, suggesting that the deletion of contiguous DVR sequences does not occur via a process of sequential deletion but rather via a single deletion event spanning a number of DVRs. This mechanism has been previously proposed to explain the deletion of contiguous DVR sequences (32) or DVR sequences in association with an (internal) IS6110 element (10) . This implies that certain deletions of contiguous DVR sequences will occur in a dependent manner, which may restrict the use of spoligotype data to accurately predict evolutionary relationships. Most of the algorithms used to calculate phylogenetic trees are based on the assumption that the markers evolve independently (28) . Furthermore, the sampling methods used to gain statistical support for inferred phylogenies are dependent on the markers' evolving independently. In contrast to previous studies, we show that IS6110-mediated mutation plays a significant role in the evolution of the spoligotype pattern. Mapping of the IS6110 insertion points demonstrates the existence of preferential IS6110 integration loci (9, 11, 15, 20) . Two of these loci were located within the DR region, while a further two preferential integration loci were located in the 3Ј-and 5Ј-flanking regions. The preferential integration loci in the DR region appear to be strain family specific, suggesting that the structure of the DR region may influence subsequent evolutionary events. The insertion of IS6110 into repeat sequences in the DR region resulted in the apparent deletion of DVR sequences according to the spoligotype data (11, 19) . However, DNA sequencing of these regions showed that the DVR sequences were present and that PCR amplification was inhibited by the insertion of the IS6110 element in the priming region (18) .
An alternative mechanism was also identified by which the IS6110 element was inserted into the variable spacer sequence, preventing hybridization. The identification of these additional evolutionary mechanisms implies that the spoligotype pattern reflects an overrepresentation of the frequency of homologous recombination events occurring within the DR region. The on June 27, 2017 by guest http://jcm.asm.org/ inability of the spoligotype pattern to differentiate between the evolutionary mechanisms leading to the apparent loss of DVR sequences has important consequences for tracking of strains in epidemiological studies. Clustering algorithms will group such isolates as identical even though they have evolved independently by different mechanisms. This will influence the accuracy of both epidemiologic and phylogenetic studies based only on spoligotype data. Homologous recombination between adjacent IS6110 elements (4, 8) could explain the deletion of large portions of the DR region and 5Ј-flanking region (Sampson et al., submitted) , thereby strongly influencing the spoligotype pattern. This evolutionary mechanism generated identical spoligotype patterns in different strain families, demonstrating convergent evolution of the spoligotype pattern. This also has important implications for phylogenetic predictions, as isolates will be seen as genotypically identical even though they have evolved independently and belong to different evolutionary lineages. The true extent of convergence of spoligotype patterns or subsets of the spoligotype pattern is unknown and will depend on the frequency at which specific DVRs or contiguous DVRs are deleted by homologous recombination. The significance of such events on phylogenetic reconstructions will vary depending on the number of DVRs deleted as well as the complexity of the underlying spoligotype. The lower the complexity, the greater the influence of convergent events on the phylogenetic reconstruction, while the greater the number of contiguous DVRs deleted, the greater the chance of convergence.
From this and other studies (10, 32) , it is clear that the evolutionary process generates a substantial number of variant DR structures. However, this study implies that the binary data of the spoligotype are unable to provide sufficient information to accurately establish the evolutionary relationship between certain clinical isolates of M. tuberculosis. To gain further insights into the evolutionary history of M. tuberculosis isolates, we recommend the use of other genotyping methods, in association with spoligotyping, to enhance the accuracy of genotypic classification.
